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Silver–silver chloride electrodes (Ag/AgCl) for the detection of chloride ions were fabricated using thick-
ﬁlm technology. Fivedifferent formulationswerepreparedandchloride responseswere investigatedover
time.Almost identical andnearNernstian responseswereobservedover theﬁrst162dayswithanaverage
chloride sensitivity for all formulations of −51.12±0.45mV per decade change in chloride concentration
compared with a value of −50.59±0.01mV over 388days for the best two formulations. After 6-monthseywords:
g/AgCl
hloride sensor
hick-ﬁlm sensor
oil salt measurement
continuous immersion in tap water, pastes formulated with a glass binder began to exhibit a loss in
sensitivitywhilst those formulated from a commercial thick-ﬁlmdielectric paste remained functional for
the best part of a year. This difference in lifetime performance is attributed to the inclusion of proprietary
additives in the commercial paste aiding adhesion and minimising AgCl leaching. The mechanical and
chemical robustness of these electrodes has been demonstrated through their ability to detect changing
levels of chloride when immersed in soil columns. This particular capacity will make them an invaluable
logy,tool in the ﬁelds of hydro
. Introduction
As well as being the functional component of the Ag/AgCl
eference electrode used ubiquitously in electrochemicalmeasure-
ents, the chloride sensor has an important role in many other
pplication areas. It may be argued that its conventional fabrica-
ion through the chloridisation of a silver wire is a relatively simple
rocess, butwithout appropriate packaging such devices are inher-
ntly fragile. Whilst this may not be a problem in laboratory based
easurements, this formof sensor does restrict its use inmany real
orld applications. For example, our group are concerned with the
evelopment of electrochemical sensors to detect products of cor-
osion and to monitor in situ the evolving chemical processes that
ccur during corrosion in marine and aerospace structures. Chlo-
ide has an important role in many corrosion processes (e.g. in the
ormation of protective oxide ﬁlms on copper-based alloys in the
arine environment [1] and as an indicator of the occurrence of
revice corrosion [2]) and so its detection is of interest. However,Please cite this article in press as: A. Cranny, et al., Screen-printed potentio
in soil salt measurements, Sens. Actuators A: Phys. (2011), doi:10.1016/j.sn
onsidering that the sensor might be exposed to harsh environ-
ents or located at installations that aremechanically challenging,
ts use in this areawould be beyond the capabilities of a simplewire
lectrode.
∗ Corresponding author. Tel.: +44 02380 599204; fax: +44 02380 592931.
E-mail address: awc@ecs.soton.ac.uk (A. Cranny).
924-4247/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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A further application area inwhichweare interested is themon-
itoring of salt levels within soil, particularly in regions where, for
example, rising ground water levels are bringing salt to the soil
surface and destroying what was once arable farming land. The
development of a probe instrument that can be inserted into the
ground to directly measure chloride levels as a function of immer-
sion depth would be a boon, but again necessitates that the sensor
be rugged in construction. Clearly in these situations there is a
requirement for amore robust implementation of the chloride sen-
sor. Screen printing sensors using thick-ﬁlm technology offers this
possibility.
2. Theory
In its simplest form, the Ag/AgCl electrode consists of a silver
wire that is coated with a layer of silver chloride. It is essentially an
ion-selective electrode that exhibits a strong sensitivity to chloride
ion activity. The electrochemical reaction occurring at the electrode
is given by:metric Ag/AgCl chloride sensors: Lifetime performance and their use
a.2011.01.016
AgCl(s) + e− ↔ Ag(s) +Cl(aq)− (1)
The steady state or equilibriumpotential (E) associatedwith this
reaction is related to the activities of the reactant and dissociation
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Table 1
Printing screen parameters used for test structures.
Layer Paste Mesh density (lpi)a Mesh opening (m) Wire diameter (m) Open area (%) Emulsion thickness (m)
Ag ESL 9912-A 325 50 30 39 15
AgPd ESL 9635 325 50 30 39 25
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The proprietary Ag/AgCl pastes were produced by mixing
biosensor grade silver chloride powder of an average particle
size of 10m (MCA Services, BGSC(ST)-2) and silver powder
(Sigma–Aldrich, purity >99.9%, 2–3.5m particle size) into eitherInsulator ESL 4905-CH 325 50
AgCl See Table 2 200 90
a Traditionally, screen mesh densities are expressed in lines per inch (lpi).
roducts and can be expressed by the Nernst equation [3,4]:
= E′ +
(
RT
nF
)
ln
[
aAgCl
aAgaCl−
]
(2)
here E ′, the electrode formal potential (V); R, the molar gas
onstant (8.31 J K−1 mol−1); T, the absolute temperature (K); n,
he stoichiometric number of electrons transferred in the reaction
n=1); F, the Faraday constant (96485Cmol−1); ax, the activity of
pecies x.
The activity of an ionic species is equal to the product of its
oncentration and its activity coefﬁcient. Noting that the activity
oefﬁcient for chemical species in the solid phase is deﬁned as
nity and recognizing that at low tomoderate chloride ion concen-
rations the chloride ion activity coefﬁcient is also approximately
nity [5,6], Eq. (2) may be expressed in terms of concentrations
ather than activities, thus:
= E′ +
(
RT
nF
)
ln
[
|AgCl|
|AgCl| · |Cl−|
]
(3)
Because silver chloride is a sparingly soluble salt, its concentra-
ion should ideally remain constant in aqueousmedia. Likewise, the
oncentration of silver should also remain constant since it is in a
olid phase. Hence, the ratio of the concentrations of silver chloride
o silver, k, should remain constant and Eq. (3)may be rewritten as:
= E′ +
(
RT
nF
)
ln
[
k
|Cl−|
]
(4)
By inverting and separating the logarithmic term and then con-
erting to base 10 yields:
= E′ − 2.303
(
RT
nF
)
· [log |Cl−| − log(k)] (5)
Substituting for the various constants at a temperature of 25 ◦C
ields:
= E′ − 0.0592 log |Cl−| + 0.0592 log(k) (6)
Hence, under ideal conditions and at an operating tempera-
ure of 25 ◦C, the measured electrode potential (E) theoretically
ecreases by approximately 59mV for everydecade change in chlo-
ide ion concentration. Eq. (6) however also reveals that for any
iven chloride concentration, themeasured potential can change if
he ratio (k) of silver chloride to silver changes.
. Sensor fabrication
The chloride sensors were fabricated using standard thick-
lm processing techniques where structures are built up by the
equential printing and appropriate curing of a number of layers of
ifferent functional materials in the form of printable pastes [7,8].
rinting was performed using a state-of-the-art DEK 248 screen
rinter incorporating vision assisted alignment. The printing pro-Please cite this article in press as: A. Cranny, et al., Screen-printed potentio
in soil salt measurements, Sens. Actuators A: Phys. (2011), doi:10.1016/j.sn
ess involves thedepositionof thepastes throughemulsioncovered
tainless steelmesh screenswhere open areas that deﬁne the shape
o be printed have been patterned in the screen emulsion by pho-
olithography. The pastes are drawn through the patterned areas
f the screen by surface tension onto a substrate located at a set30 39 25
40 48 25
distance beneath the screen as the screen is deﬂected downward
by the passage of a rubber squeegee across its surface. Both the
speed of the squeegee and the pressure it exerts onto the screen
are user controlled. The screen mesh density and mesh ﬁlament
diameter deﬁne the minimum feature size that can be printed and
in conjunctionwith the emulsion thickness, squeegee pressure and
speed, control the print thickness. Appropriate screen parameters
were selected to suit the different rheologies of the various pastes
used in the fabrication of the sensors (see Table 1).
Fig. 1 shows a schematic of the various layers that comprised a
single chloride sensor test structure. First, a strip of a commercial
thick-ﬁlm silver paste (Electro Science Laboratories (ESL), 9912-
A) was printed upon laser scribed 96% alumina substrate (Hybrid
Laser Tech) to form the electrode back contact. At one end of the
silver strip, a small region of silver–palladium paste (ESL, 9635)
was printed over the silver layer to produce a solderable electrical
connection. A glass dielectric paste (ESL, 4905CH)was then printed
over themajority of the silver electrode length to serve as an insula-
tion layer, leaving the terminal end free and a window at the other
end to deﬁne the active electrode area. Finally, one of the several
proprietary Ag/AgCl pastes was printed over the windowed area at
the active end of the electrode structure.
After printing each layer, the test structurewas dried in a 4-zone
belt furnace with a peak temperature of 150 ◦C with a 15min cycle
(BTU DR92-5-60D conveyor furnace). Each layer was then ther-
mally cured with a temperature proﬁle suitable for the material
being processed. In the case of the commercial pastes (the silver,
silver–palladium and insulating dielectric composition), this was
performed in an 8-zone belt furnace (BTU TFF92-8-90A24GT fast
ﬁre conveyor furnace) with peak temperature of 850 ◦C, tempera-
ture ascent and descent rates of 50 ◦C/min and a total cycle length
of 1h. By comparison, because silver chloride has a melting point
of 457 ◦C, the proprietary Ag/AgCl pastes were cured in a box oven
at various lower temperatures as detailed in Table 2.metric Ag/AgCl chloride sensors: Lifetime performance and their use
a.2011.01.016
Fig. 1. Schematic diagram of a single Ag/AgCl electrode.
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Table 2
Composition and ﬁring proﬁles of different Ag/AgCl pastes used as test structures.
Sample Glass type Stoichiometry (loading by weight) Firing proﬁle
Glass AgCl Ag
#1 Ferro 20% 53% 27% Single stage Peak=475 ◦C for 80min
#2 Ferro 30% 47% 23% Single stage Peak=425 ◦C for 80min
#3 Ferro 40% 40% 20% Single stage Peak=425 ◦C for 80min
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r#4 ESL 50% 33%
#5 ESL 50% 33%
lead–zinc–borate crystallising glass (Ferro, CF7575) or a com-
ercial thick-ﬁlm dielectric paste (ESL, 4026). All powders were
sed as supplied with no further treatment. In total, ﬁve different
ormulations for the Ag/AgCl paste were prepared with different
toichiometries as summarised in Table 2, though for each the AgCl
o Agweight ratiowasmaintained at approximately 2:1. Aftermix-
ng the constituent parts, each paste was rendered into a suitable
onsistency for screen printing by mixing with an organic vehicle
ESL, 401 alcohol ester solvent) and dispersingwith a stainless steel
riple-roll mill.
. Experimental
.1. Lifetime performancePlease cite this article in press as: A. Cranny, et al., Screen-printed potentio
in soil salt measurements, Sens. Actuators A: Phys. (2011), doi:10.1016/j.sn
The chloride ion response of sample test electrodes fabricated
sing each of the Ag/AgCl paste formulations was determined by
easuring their potentials with respect to a commercial Ag/AgCl
eference electrode (VWR GelPlas, 3.5M KCl) in various strength
Fig. 2. Schematic diagram o17% Single stage Peak=475 ◦C for 80min
17% Dual stage Peak 1=350 ◦C for 30min
Peak 2=475 ◦C for 30min
chloride solutions spanning nearly 4 decades of concentration. In
these tests, chloride levels were incrementally increased from an
initial 0.03M concentration by drop-wise addition of aliquots of
fresh chloride solutions with concentrations of 0.03M, 0.3M and
3Mfreshly preparedby the gravimetric additionof potassiumchlo-
ride (Fluka, Ultra >99.5%) into de-ionised water. All measurements
were made using a Keithley model 2000 digital multimeter (input
impedance>1010 ) with amoving average ﬁlter applied (window
sizeof 20) to a reading accuracyof±0.1mV.Between tests, the sam-
ple electrodes were left immersed in the ﬁnal solution to which
they had been exposed and covered to minimise solution evapora-
tion. Periodically, the level of this storage solutionwas checked and
whennecessary, toppedupwith tapwater toprevent theelectrodes
from drying out. Before commencing a new test, the electrodesmetric Ag/AgCl chloride sensors: Lifetime performance and their use
a.2011.01.016
were thoroughly rinsed in de-ionisedwater and air dried to remove
any traces of residual chloride ions. There was no direct control of
solution temperature over the duration of the tests, though it was
noted that the laboratory temperature was constrained to a range
of 22±2 ◦C.
f soil pipe apparatus.
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value and that bounded by the upper +10% limit, though clearlyFig. 3. Photograph showing apparatus for soil chloride experiments.
.2. Soil chloride measurement
Fig. 2 shows the apparatus produced to determine how chlo-
ide ions percolate through soil columns and how the chloride
evels vary with depth. The apparatus comprises a 400mm tall by
5mm diameter ABS plastic pipe that is ﬁlled with a sterile sandy
lay loam soil containing less than 5% organic matter (B +Q, top
oil loam for beds, borders and lawns, produced to British Stan-
ard BS3882 Top Soils 1994). Solutions of predetermined chloride
oncentration are introduced into the soil column at the open
op of the pipe and allowed to travel through the soil column
nder the inﬂuence of gravity. Access holes spaced 5 cm apart were
rilled along the length of the pipe to allow chloride sensors to
e inserted into the pipe. Each chloride sensor is held in a plas-
ic housing produced by rapid prototyping that forms a seal with
he exterior of the soil pipe. In addition the holder positions the
ctive portion of the chloride sensor inline with the central axis
f the pipe and orientates the sensor so that the active area was
arallel to the pipe length, thereby preventing introduced solu-
ions collecting and remaining on the electrode surface during
he course of an experiment. Electrical connections to the chlo-
ide sensorswere sealedwith roomtemperaturevulcanising silicon
ubber.
The soil pipe is mounted on a polyurethane block that also sup-
orts a commercial Ag/AgCl reference electrode in a side well. A
umber of holes around the perimeter of the base of the pipe
llow solutions to drain out into a channel that connects with
he well that houses the commercial reference electrode. This
ell in turn also has a drainage hole, allowing solutions to pass
hrough the system as waste, set at a height sufﬁcient to maintain
small volume of solution at the base of the reference elec-
rode and thereby establishing an ionic conduction pathway to the
oil pipe. Providing the soil column contains enough moisture, an
onic conduction pathway will also be established between each
f the chloride sensors and the external reference electrode per-
itting potentiometric measurements between the former and
atter. By recording the changes in these potentials with time as
arious solutions pass through the soil column, it is possible to
etermine how different soil types affect the passage of chloride
ons.
A photograph of the experiment apparatus is reproduced in
ig. 3 which shows 5 chloride sensors located at various depths
long the soil column and an additional chloride sensor positionedPlease cite this article in press as: A. Cranny, et al., Screen-printed potentio
in soil salt measurements, Sens. Actuators A: Phys. (2011), doi:10.1016/j.sn
n the drain well alongside the commercial reference electrode
VWR GelPlas 3.5M KCl). The electrodes used in this investiga-
ion were samples of the best type as determined by the lifetime
erformance investigation (type #4). Each of the electrodes was PRESS
ators A xxx (2011) xxx–xxx
connected to a Keithley model 2000 multimeter via an internal
multiplexer module, allowing the potential of each electrode with
respect to the reference electrode to be measured sequentially in
turn. A reservoir tank containing de-ionised water was located on
a platform above the soil pipe and was set to continually drip feed
de-ionised water into the soil column at a rate of 20mL/min. At
predetermined times, various solutions of potassium chloridewere
added to the top of the soil column as the potentials recorded at
each of the electrodes was continuously logged at a rate of one
reading every 30 s and with a moving average ﬁlter of window
size =100 applied. Prior to starting the experiment, the soil pipe
was continuously ﬂushed through with de-ionised water until the
drain solution became clear in appearance. This was done as a pre-
cautionary measure to remove any residual salts within the soil
column and to provide a reasonable moisture content to permit
electrical measurements through the soil.
5. Results
5.1. Lifetime performance
Fig. 4 shows the chloride response for samples of each of the ﬁve
differentAg/AgCl electrodevariations at different times throughout
the lifetime experiment speciﬁcally selected to illustrate particular
aspects of their performance. Note that for each graph the chloride
concentration (x-axis) is represented on a logarithmic scale. The
data shows that on the ﬁrst day all electrodes show an approxi-
mately linear response over the chloride range investigated with
very similar sensitivities (slope) but some difference in absolute
values (offset, i.e. electrode formal potential). By the ninth day, the
initial spread in absolute values reduces and the responses of all
electrode types are almost indistinguishable. Though not shown in
the ﬁgure, this trend continues for approximately 150 days. By day
162, all the electrodes still demonstrate comparable levels of chlo-
ride sensitivity, though noticeably electrode types #1 and #2 show
a decrease in absolute values. As experiment time progresses fur-
ther, electrode types#1and#2begin to exhibit degradation in their
response and by day 221 show a lack of sensitivity to chloride lev-
els below 1mM. A similar change in response is demonstrated by
electrode #3, which after some 300 days immersion also begins to
show a departure in its linear relationship to chloride levels below
1mM.
Fig. 5 summarises the change in chloride sensitivity with time
for all ﬁve electrode types over a 388 day period. Here, sensitivity is
expressed in terms of the change in potential per decade change in
chloride level (mV/pCl) and the time axis is represented logarith-
mically so that trends may be more readily identiﬁed. The average
response and ±10% limits over the duration of the experiment for
all ﬁve electrodes is also shown for reference. A pertinent observa-
tion from the results shown is that the average chloride sensitivity
value is quite different from that of the theoretical Nernstian value
of 59.2mV/pCl, being about 86% of this value. This may be due to
the formation of complexes with the sparingly soluble silver chlo-
ride (e.g. the formation of hydroxides) which effectively changes
the stoichiometric value for the number of electrons transferred in
the electrode reaction given by Eq. (1) from n=1 to some fractional
value. With reference to Eq. (5) it is clear how this would alter the
proportionality constant.
Over the ﬁrst 8days of the experiment large ﬂuctuations are
observed in the chloride sensitivity, swinging between the averagemetric Ag/AgCl chloride sensors: Lifetime performance and their use
a.2011.01.016
the spread in values between individual electrodes at each time
interval within this period is not that great (largest value of 4%
on day 8). This suggests some form of systematic error and may
be due to larger than normal variations in laboratory temperature
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Fig. 4. Chloride respons
ver this period due to a period of prolonged maintenance of our
ir-conditioning system at this time.
From day 9 to day 162 the electrodes show reasonable consis-
ency in their chloride response. Over this period the average value
or sensitivity across all electrode types at any one measurement
nterval is not greater than 4% of the average value over the entire
uration of the experiment. Furthermore, the spread in calculated
ensitivities between electrode types varies by no more than 2.8%
ver this time interval. However, after this time electrode types #1Please cite this article in press as: A. Cranny, et al., Screen-printed potentio
in soil salt measurements, Sens. Actuators A: Phys. (2011), doi:10.1016/j.sn
nd #2 begin to lose sensitivity followed by type #3 at around 300
ays. All three of these devices share a common glass binder, with
he highest loading being for device type #3.
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5.2. Soil chloride measurement
Fig. 6 shows the results from an initial soil chloride level test. In
this experiment, the potentials of each of the chloride electrodes
were measured whilst de-ionised water was drip fed into the soil
column at a rate of 20mL/min. In addition to this drip feed, chlo-
ride solutions were added at set times: a 50mL volume of 500mM
KCl solution at 60min and a 50mL volume of 250mM KCl solu-metric Ag/AgCl chloride sensors: Lifetime performance and their use
a.2011.01.016
until individual sensors returned to their initial baseline values.
At the end of the experiment the sensors were removed from the
soil pipe, cleaned and their responses then measured in a series
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Fig. 6. Chloride concentration proﬁles recorded at each electrode whilst deionised
waterwas continuously fed into the soil columnat a ﬂowrate of 20mL/min.Hatched
lines show the times at which chloride solutionswere introduced: 50mL of 500mM
KCl added at 60min and 50mL of 250mMKCl added at 242min. Sensor depth below
soil surface: A=75mm; B=125mm; C=175mm;D=225mm; E=275mm; F=drain.
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f standard chloride solutions to provide calibration data, allowing
ecorded potentials to be directly converted to equivalent chloride
oncentrations.
Fig. 6 clearly shows that the electrodes respond to the passage
f a chloride solution through the column of soil. A general trend
s observed: each of the sensors shows a characteristic response
hat increases to a peak and then drops back as chloride ions pass
y the immediate volume occupied by the electrode, with the
agnitude of the response being an indicator of the chloride con-
entration. It can be seen from the results that there are discrete
ime delays between individual sensor responses and this provides
measure of the transit time required for the chloride solution
o percolate through the soil column. The data also shows that as
he chloride wave front moves down the column the magnitude
f each response peak decreases and at the same time the width
f each response peak broadens. This indicates that as the chlo-
ide moves through the soil it diffuses laterally outward and so
hrough successively deeper cross-sections of the pipe, the chlo-
ide concentration per unit volume decreases but the time taken
or the wave front to entirely pass through a cross-sectional plane
ncreases.
Exactly the same response characteristics are observed during
he passage of the second lower concentration chloride solution
nd as would be expected, the magnitudes of individual peaks
re smaller than those of their corresponding counterparts dur-
ng the passage of the higher concentration solution. This further
emonstrates that in general the chloride sensors can give quan-
itative information regarding local chloride concentrations in the
oil being monitored.
In both phases of the experiment, what would appear to be an
nomaly is the observation that the response of the second chlo-
ide sensor located at 125mm below the soil surface appears to
ndicate a higher concentration of chloride than that of the ﬁrst
ensor located at 75mm below the surface? This is however not an
rror but is due to the fact that the column of soil is not homoge-
ous and the presence of biomass and small stones means that the
olumes surrounding each sensor do not necessarily contain equal
mounts of just ‘soil’. Since the downward progression of solution
ill be physically deﬂected by solid obstacles and because chlo-
ide ions will be repelled by other anions within the soil, the actual
olume of chloride passing through the immediate vicinity of each
ensor will vary in a non-predictable manner. Similarly, the fact
hat the response peak for the electrode located in the drainage
ell is larger than that of the two lowermost sensors within the
oil column is simply due to the fact that in this instance, chloride
s able to collect within a deﬁned and constant volume with no
nterference from soil components and so a higher concentration
ould be expected.
In order for the chloride sensors to be able to provide a reliable
easure of the chloride content within soil samples, it is necessary
hat they demonstrate a null or deﬁnable response to other cross-
nterfering ions likely to be present within the soil. Such species
nclude nitrates, phosphates and sulphates amongst other organic
ompounds. Accordingly, an experiment was performed to test the
esponseof thechloride sensors to someof these ionic species. Solu-
ionsofnitrate and sulphatewerepreparedbydissolving copper (II)
ulphate (Sigma–Aldrich, ReagentPlus >99%) and potassiumnitrate
Fluka, Ultra >99.5%) in de-ionised water. The responses of four
hloride sensors were then measured using a Hanna pH 212 ORP
eter with respect to a commercial Ag/AgCl reference electrode
VWR, GelPlas 3.5M KCl) as the sensors were exposed to varyingPlease cite this article in press as: A. Cranny, et al., Screen-printed potentio
in soil salt measurements, Sens. Actuators A: Phys. (2011), doi:10.1016/j.sn
oncentrations of these two ions. Measurements were made over
early 4 decades of concentration for each species (0.05–333mM).
verage responses were calculated and these are shown in Fig. 7
hich demonstrates that the chloride sensors exhibit very little
esponse to either nitrate or sulphate by comparison to chloride,Ion Concentration (mM)
Fig. 7. Response of chloride electrodes to nitrate and sulphate ions.
giving further conﬁdence in their use as a chloride sensor in soil
analysis applications.
6. Discussion
During lifetime measurements, the loss in chloride sensitivity
of some of the Ag/AgCl electrode variants can be attributed to
the differences in the adhesive qualities of the two glass binders
used in their formulation and their respective abilities to bind the
constituent components of the Ag/AgCl pastes together. Under-
standably, the commercial thick-ﬁlmdielectric paste demonstrates
superiority in this regard, having been developed speciﬁcally to
bond permanently to the alumina substrates used. Poor adhesion
and binding allows leaching of AgCl from the electrode which
changes the stoichiometry of the electrode reaction. As shown by
Eq. (6), if the ratio of silver chloride to silver varies over the course
of a measurement interval (a single experiment generally lasted a
wholeworkingday) thiswill alter thevalueof theelectrodeequilib-
rium potential in such a way as to manifest as an apparent change
in the chloride sensitivity, though in reality this latter parameter
remains constant.
Observed prolonged periods of stability across all electrode
types indicate that the electrode response is fairly insensitive to
the fabricationprocess. Electrodes formulatedwith the greater per-
centage loading of glass show the highest stability for the reasons
stated above. By implication, this also means that stable responses
are obtained with those formulations containing the least amount
of the functional components. This is somewhat counterintuitive
since it implies that it does not matter how much silver or silver
chloride is needed to obtain an adequate chloride response, though
further investigations into paste component stoichiometry will no
doubt reveal the optimum loadings to achieve perfect Nernstian
response.
Although these results have shown that the sensors exhibit sub-
Nernstian response with chloride sensitivity varying by as much
as 10% over a year, there are still many application areas where
longevity of a sensor at the expense of accuracy can be exploited.
For instance, it has been reported that in some corrosion processes
local chloride concentrations can vary over several orders of mag-
nitude (e.g. corrosion in cast iron [9] and stainless steel [10–12] in
marine environments). A cheap, robust sensor that can detect suchmetric Ag/AgCl chloride sensors: Lifetime performance and their use
a.2011.01.016
large changes in chloride would therefore be invaluable in early
warning systems to indicate theonset of corrosionprocesses in crit-
ical structures. Other application areas include those that exploit
the ruggedness of these devices allowing direct embedment of the
sensor within a structure (e.g. as a replacement for the traditional
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ilverwire implementation of the chloride sensor used in corrosion
etection in steel reinforced concrete [13]).
The proof of concept experiment with the soil pipe has demon-
trated that these sensors are sufﬁciently robust to be used in soil
onitoring applications. A particular areawhere thiswould beuse-
ul is as part of a probe containing a package of discrete chemical
ensors and wireless communication capability to be used in the
emote monitoring of at-risk agricultural regions. Such a system
or nitrate detection has already been investigated by Artigas et al.
14], demonstrating a requirement for this form of ﬁeld instru-
ent. The results from the soil experiment have also revealed that
better conﬁguration for the sensors would be to not just have
line of electrodes at different depths, but at each depth to have
number of electrodes located at different positions within the
ame cross-sectional plane. Such an arrangement would permit a
ore accuratemeasure of the average chloride concentration pass-
ng through each plane and a better indication of how chloride
ons spread laterally as they progress down through a soil column.
his would providemore accurate information about how chloride
ons spatially distribute themselves due to ionic reactions with soil
omponents in real scenarios.
. Conclusions
Screen-printed Ag/AgCl electrodes demonstrate near Nerns-
ian responses to chloride concentration in the range investigated
overing 0.05–50mM. Lifetimes in excess of 160 days have been
emonstrated for all electrode variants studied andwell over a year
or the better versions. These timescales are more than adequate
or many applications where a cheap chloride sensor is required,
articularly if destined to operate remotely with the minimum of
aintenance, e.g. in soil salinity measurements. The economies of
cale associated with thick-ﬁlm batch processing yield individual
ensors with approximate cost as low as 10 Euros. This compares
avourably with the cost of commercial devices, e.g. 140 Euros for
he ELIT 8261 chloride ion selective electrode which has a sensitiv-
ty of 54±5mV/decade, concentration range of 30M to 1M and
rift of <3mV/day [15]. Results suggest that the chloride response is
airly tolerant of the fabrication process and of the various percent-
ge loadingsof the constituent components; thoughbest results are
chieved when larger amounts of commercially optimised bind-
ng agents are used. The technology chosen for their construction
roduces inherently robust structures, and there is no doubt that
arkets exist for this form of rugged sensor.
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